New quadruple perovskite oxides Ba 4 LnIr 3 O 12 (Ln = lanthanides) were prepared and their magnetic properties were investigated. They crystallize in the monoclinic 12L-perovskite-type structure with space group C2/m. The Ir 3 O 12 trimers and LnO 6 octahedra are alternately linked by corner-sharing and form the perovskite-type structure with 12 layers. The Ln and Ir ions are both in the tetravalent state for Ln = Ce, Pr, and Tb compounds (Ba 4 Ln 4+ Ir 4+ 3 O 12 ), and for other compounds (Ln = La, Nd, Sm-Gd, Dy-Lu), Ln ions are in the trivalent state and the mean oxidation state of Ir ions is +4.33 (Ba 4 Ln 3+ Ir 4.33+ 3 O 12 ). An antiferromagnetic transition has been observed for Ln = Ce, Pr, and Tb compounds at 10.5, 35, and 16 K, respectively, while the other compounds are paramagnetic down to 1.8 K.
Introduction
The perovskite oxides ABO 3 form a wide family of compounds, reflecting the flexibility in the chemical composition and crystal structure. Structures of perovskite compounds can be regarded as the stacking of close-packed AO 3 layers and the filling of subsequent octahedral sites by B-site ions. The difference in the stacking sequence changes the way of linkage of BO 6 octahedra: the corner-sharing BO 6 in the cubic perovskite (3L: three-layer) with abc… sequence, the face-sharing BO 6 in 2L-perovskite (2L: two-layer) with ab… sequence, and mixed linkages between the corner-and face-sharing in various intergrowth structures [1] .
The 6L-perovskites Ba 3 MM' 2 O 9 (M = alkali metals, alkaline earth elements, 3d transition metals, lanthanides; M' = Ru, Ir) have been investigated . In this structure, two M'O 6 octahedra are connected by face-sharing and form an M' 2 O 9 dimer. These dimers and MO 6 octahedra are placed alternately; thus, 6-layer (6L) structure is generated. The stacking sequence of AO 3 layers is abacbc.... For many of these compounds, an antiferromagnetic spin-pairing occurs in the M' 2 O 9 dimer even at room temperature. In addition, the Ba 3 MM' 2 O 9 compounds show magnetic transitions at low temperatures, which originates from the magnetic interaction between M and M' ions.
Then, we focused our attention on new quadruple perovskite compounds Ba 4 LnRu 3 O 12 (Ln = lanthanides) in which the ratio of Ln:Ru is 1:3. In the Ba 4 LnRu 3 O 12 , three RuO 6 octahedra are face-shared, forming a Ru 3 O 12 trimer, and we thought that peculiar magnetic behavior due to new alignment of the Ln and Ru ions should be observed [30] . In the Ba 3 LnRu 2 O 9 , the ground state of the total spin of the isolated Ru 2 O 9 dimer may be zero, i.e., S total = S 1 + S 2 = 0, for the case that the antiferromagnetic coupling exists between the Ru ions. On the other hand, in the case of Ba 4 in an oxygen flowing atmosphere [34] [35] [36] . These starting materials were weighed out in the appropriate metal ratio, and well mixed in an agate mortar. The mixtures were pressed into pellets and enclosed with platinum tubes, and they were sealed in evacuated silica tubes.
Then, they were fired at 1250 °C for 36 h.
The obtained phases were identified by powder X-ray diffraction (XRD) measurements. Impurity phases such as 6L-perovskite Ba 3 LnIr 2 O 9 [25, 26] were formed due to the sublimation of Ba oxides and Ir oxides. In order to decrease such impurity phases, the excess amount (~ 30 %) of BaIrO 3 [32, 33] was added during sample preparation.
X-ray diffraction analysis
Powder X-ray diffraction profiles were measured using a Rigaku Multi-Flex diffractometer with Cu-Kα radiation equipped with a curved graphite monochromator. The data were collected by step-scanning in the angle range of 10°  2θ 120° at a 2θ step-size of 0.02°. The X-ray diffraction data were analyzed by the Rietveld technique, using the programs RIETAN2000 [37] .
Magnetic susceptibility measurements
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1 T over the temperature range of 1.8 K T 400 K, using a SQUID magnetometer (Quantum Design, MPMS5S). The susceptibility measurements were performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 400 to 1.8 K at 0.1 T.
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 1.8-400
K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon grease for better thermal contact.
Results and Discussion

Synthesis and analysis of the structure
We succeeded in synthesizing new perovskite-related compounds Ba 4 LnIr 3 O 12 (Ln = La-Nd, Sm-Lu). Figure 1 shows the powder X-ray diffraction profile of Ba 4 NdIr 3 O 12 as an example. To analyze the XRD diffraction profile, we used the crystal structure data of [38] and Ba 4 LnMn 3 O 12 (Ln = Ce, Pr) [39] . The distances between Ir atoms in the Ir 3 O 12 trimer are determined to be 2.48~2.60 Å, which are much shorter than double the metallic radius of Ir (2.72 Å) [40] . This means that a strong interaction between Ir ions should exist in the trimer. 3 , which should cause the S = 1/2 ground state (see Fig. 5 (b) compound at lower temperatures will be described.
Ba 4 CeIr 3 O 12
Magnetic susceptibility measurements on Ba 4 CeIr 3 O 12 show that an antiferromagnetic transition occurs at 10.5 K (see Fig. 6 (a) ). On the other hand, ruthenium-containing compound 
Ba 4 PrIr 3 O 12
The results of the magnetic susceptibility measurements ( Fig. 7 (a) ions. This compound also shows the increase of magnetic susceptibility with decreasing temperature below 10 K. This behavior is ascribed to the paramagnetic impurities such as Ba 3 PrIr 2 O 9 , which is paramagnetic down to 1.8 K [25] .
In order to obtain detailed information about the low-temperature magnetic ordering, specific heat measurements were performed down to 1.8 K. Figure 8 (a) shows the temperature dependence of the specific heat (C p ) divided by temperature (C p /T) for Ba 4 PrIr 3 O 12 . A specific heat anomaly has been observed at 35 K, which corresponds to the results by magnetic susceptibility measurements. This result indicates that the long range antiferromagnetic ordering occur at this temperature. To evaluate the magnetic contribution to the specific heat (C mag ), we have to subtract the contribution of lattice specific heat (C lat ) from the total specific heat (C mag = C p -C lat ). The lattice specific heat was estimated by using the specific heat data of a diamagnetic compound Ba 4 LuIr 3 O 12 (the dotted line of Fig. 8 (a) ). Figure 8 . Its temperature dependence is also shown in Fig. 8 (b) . The total magnetic entropy change is obtained to be 8.7 J/mol K.
The corresponding ruthenium-containing compound Ba 4 PrRu 3 O 12 shows an antiferromagnetic transition at 2.4 K, and its specific heat measurements indicated that the antiferromagnetic ordering is only due to the ground Kramers doublet of Pr 4+ ion [30] 
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